Study design: Prospective case series Objectives: To assess the effectiveness and safety of two vitamin D 3 repletion protocols given to individuals with spinal cord injury (SCI). Setting: Publicly-funded intensive inpatient rehabilitation center, Montreal, Canada. Methods: Thirty adults with recent SCI complete or incomplete sensorimotor impairments were recruited upon admission from designated regional SCI trauma centers. Participants with serum 25OHD ≤ 30 nmol/L were given 10,000 IU of weekly and 1000 IU of daily vitamin D 3 for 36.8 ± 11.9 days (higher dose: HD). Subjects with serum 25OHD > 30 nmol/L received 1000 IU of daily vitamin D 3 for 38.2 ± 11.6 days (lower dose: LD). Outcomes were changes in 25OHD levels from baseline to the end of the study period and safety outcomes. Conclusions: Although 1000 IU of daily vitamin D 3 alone or in combination with weekly 10,000 IU for an average of 37.6 days increased serum 25OHD, they were unsuccessful in improving the impaired vitamin D status during inpatient rehabilitation of individuals with a recent SCI.
Introduction
Vitamin D has received much attention in recent years for its biological actions that go beyond its endocrine effects on the calcium and phosphorus homeostasis. The concomitant expression of the vitamin D-metabolizing enzyme, 1-α hydroxylase (CYP27B1), and the vitamin D receptor (VDR) in various extra-renal tissues has raised the possibility of a range of autocrine and paracrine actions targeting the skin, immune system, and musculoskeletal system, among other body systems [1] . The fact that the extra-renal CYP27B1 activity appears to be strongly influenced by the level of its substrate-namely circulating 25-hydroxyvitamin D (25OHD)-raises the importance of achieving and maintaining sufficient serum 25OHD levels to ensure activation of both the vitamin D endocrine and auto/paracrine pathways. The autocrine and paracrine actions of vitamin D may explain in part the association between vitamin D deficiency and multiple comorbidities including cardiovascular disease, inflammatory disorders, nephropathy, mood disorders, and chronic musculoskeletal pain [2] . Interestingly, people with spinal cord injury (SCI) experience similar health conditions post-injury [3] , hence suggesting that attainment and maintenance of vitamin D sufficiency is a desirable clinical goal, as it may be linked to better health outcomes in these individuals.
Impaired vitamin D status has been largely reported in people with SCI in both the acute and chronic settings [4] [5] [6] [7] [8] [9] . Contributing factors include insufficient sun exposure, limited oral intake, obesity, use of substances (e.g., some medications) or conditions (e.g., kidney/liver disease) affecting vitamin D metabolism [10] . Although people with SCI are at high risk of impaired vitamin D status, the Endocrine Society clinical practice guidelines on vitamin D have not included explicit population-specific recommendations [11] . Furthermore, only a few repletion protocols have been tested in adults with SCI with varying degrees of improvement [12] [13] [14] [15] . However, most of these studies have been performed in adults with chronic SCI and information regarding vitamin D supplementation strategies shortly after an initial SCI is lacking. The high prevalence of vitamin D deficiency reported in adults who sustained a new SCI [8, 9] underscores the importance of finding safe and effective repletion regimens that could be initiated upon admission into inpatient rehabilitation so as to minimize the risk of secondary complications and optimize the benefits of rehabilitation interventions.
The goals of this study are to (1) characterize the vitamin D status, (2) document the effectiveness of two vitamin D 3 protocols typically prescribed in our center in achieving vitamin D sufficiency (i.e., serum 25OHD levels ≥75 nmol/L), and (3) assess the safety of these protocols in adults with acute SCI admitted in a specialized inpatient SCI rehabilitation program.
Methods

Study design
A prospective case series reporting pre-and postintervention measures of a two-arm interventional study.
Setting
A publicly-funded rehabilitation hospital, servicing the western part of the province of Quebec, Canada, where a 25-bed specialized SCI inpatient rehabilitation program is offered.
Participants
Between February 2015 and March 2016, all adults (≥18 years old) referred to the inpatient SCI rehabilitation program who had recently sustained a traumatic or nontraumatic SCI at or below the 5th cervical spine (neurological level) with ASIA Impairment Scale A-D were screened upon admission for study eligibility. Participants had to be deemed medically-stable, referred directly from a traumatology program at a partnered acute hospital and had no vitamin D supplementation initiated during the acute hospital stay. Exclusion criteria were: conditions or use of medications known to interfere with vitamin D or calcium absorption or metabolism, history of chronic disease (e.g., diabetes; cancer), impaired capacity for consent or current use of vitamin D supplements. Ethical approval was obtained from the Research Ethics Committee of the Center for Interdisciplinary Research in Rehabilitation of Greater Montreal. All participants provided informed consent.
Intervention
Participants were stratified into two subgroups based on initial serum 25OHD levels: deficiency (≤30 nmol/L) or insufficiency (>30 nmol/L) [16] . Individuals with serum 25OHD ≤ 30 nmol/L received 10 000IU vitamin D 3 /week in addition to a daily regimen of 1000 IU vitamin D 3 (higher dose: HD). Individuals with serum 25OHD > 30 nmol/L were assigned to daily vitamin D 3 (1000 IU) (lower dose: LD). These regimens were typically prescribed by physicians in our center. Given the absence of data on vitamin D repletion protocols in individuals with SCI during the acute and subacute (i.e., rehabilitation) phases, the selection of doses was based on local routine practices and primarily guided by safety considerations to prevent vitamin D toxicity. The selection of 10,000 IU/week was also made to minimize study burden for participants. A dose superior to 10,000 would have necessitated participants to take more than 1 pill at a time, which may have decreased their willingness to participate. In addition, all participants received 500 mg of calcium carbonate to meet their age-and sex-specific recommended dietary allowance (RDA) for calcium. Calcium supplementation is routinely given to individuals in our center to counteract the enhanced bone resorption and rapid bone loss occurring in the acute and subacute phases. Regimens were prepared by the pharmacist associated with the SCI program and supplements administered by the nursing staff and documented in the medication flow sheet. These interventions were carried out until rehabilitation center discharge. To be included in the analyses, participants had to take the supplements for at least 3 weeks. During inpatient stay, participants were followed by a multidisciplinary rehabilitation team and engaged in approximately one hour of physical therapy and one hour of occupational therapy on weekdays.
Outcomes
All outcomes were measured within 72 h both preintervention (i.e., baseline) and post-intervention (i.e., end).
Blood biochemistry
Serum total 25OHD levels were measured using an automated chemiluminescent immunoassay performed on a VITROS®ECIQ analyzer (Ortho Clinical Diagnosis, Mississauga, ON, Canada). The interassay coefficients of variation varied depending on the level of 25OHD detected and ranged from 3.4% when 25OHD levels were high (<175 nmol/L) to 14% when levels were low (<25 nmol/L). Vitamin D status was categorized according to serum 25OHD as follows: vitamin D deficiency (<30 nmol/L), insufficiency (30-74 nmol/L), and sufficiency (≥75 nmol/L) [11] . Safety laboratory measures included serum phosphorus and total and ionized calcium measured at baseline and at the end of the study. Clinical adverse health effects (e.g., nephrolithiasis, hypercalcemia) were monitored throughout the study.
Statistical analysis
Normality of data distribution was checked using the Shapiro-Wilk test. Continuous variables with a normal distribution are presented as means ± SD while data with a skewed distribution are expressed as medians (interquartile ranges; (IQR)). Categorical variables are presented as frequencies and percentages. Between-group and within-group differences were assessed by means of parametric (i.e., Student's t-tests and paired t-tests) and non-parametric (i.e., Mann-Whitney U, χ 2 and Fisher's exact test) methods. All calculations were made with SPSS, version 24 (IBM Corp., Armonk, NY) with significance set at p < 0.05.
Results
Baseline characteristics of the participants
As illustrated in Fig. 1 , 30 adults with SCI accepted to participate. Among those, one was excluded due to a missed assessment of serum 25OHD at study entry. Table 1 displays demographics, anthropometrics, laboratory results and clinical characteristics for all participants and for the two subgroups. Baseline serum 25OHD was low with 94% of individuals exhibiting either vitamin D deficiency or insufficiency even though nearly two-third of serum 25OHD levels were assessed in summer and fall. Among the 29 participants included into the analysis, 34.5% and 65.5% had serum 25OHD indicative of vitamin D deficiency and insufficiency, respectively.
Participants with 25OHD levels ≤30 and >30 nmol/L also differed in terms of seasonal variations in the occurrence of the SCI and blood sampling. Most SCI were sustained during spring and summer seasons in participants with serum 25OHD > 30 nmol/L while SCI occurred more frequently in the winter and spring seasons in vitamin Ddeficient individuals. Since assessment of 25OHD levels was performed shortly after admission to inpatient rehabilitation, seasons of blood testing paralleled those of spinal cord lesions.
Six participants were excluded from the study during the follow-up period and most of them were allocated to the insufficiency subgroup (5/6 = 83.3%). Reasons for exclusion included compliance issues, missing serum 25OHD values at the end of intervention, and new diagnosis of malabsorption. Among participants who completed the study, duration of supplementation was similar in both groups (HD: 36.8 ± 11.9 vs. LD: 38.2 ± 11.6 days). Hence, analyses of the intervention effects were completed on 9 and 14 participants from the deficiency and insufficiency subgroups, respectively. 3)) than summer and fall (17.7 (95% CI: 1.8, 33.7, and 14.2 nmol/L (95% CI: −11.7, 40.1)). All individuals in the HD regimen experienced an increase in serum 25OHD whereas two participants assigned to the LD regimen had a decrease in their serum 25OHD. In both cases, pre-intervention and post-intervention 25OHD levels were assessed in the summer and/or fall. None of the participants who received the HD regimen remained in the vitamin D deficiency range (Fig. 2b) . Although all subjects in this subgroup improved their vitamin D status by the end of the study, only one achieved vitamin D sufficiency (25OHD > 75 nmol/L). Nearly all individuals receiving the LD regimen remained vitamin D insufficient and only two transitioned from an insufficient to a sufficient status.
Effects of repletion regimens on vitamin D status
Adverse effects
The highest recorded individual 25OHD concentrations were 89.4 and 90.7 nmol/L in the HD and LD subgroups, which is below the upper limit (i.e., 250 nmol/L) associated with vitamin D toxicity [17] . There were minor fluctuations in serum calcium and phosphorus during the repletion period but none of clinical significance (Table 2) . No episodes of hypercalcemia or nephrolithiasis and no serious health adverse effects occurred over the course of the supplementation.
Discussion
Given the lack of standardized vitamin D therapies for individuals with acute SCI, we undertook this study to assess the effectiveness of two vitamin D 3 repletion regimens, currently administered over the course of the inpatient stay at our rehabilitation center, in improving suboptimal serum 25OHD levels. After approximately 1 month of dosing regimens providing either 1000 IU of daily vitamin D 3 or 1000 IU of daily vitamin D 3 combined with weekly doses of 10,000 IU vitamin D 3 , very few participants achieved vitamin D sufficiency despite a significant rise in serum 25OHD levels.
The majority of participants (n = 27/29 = 93%) had serum 25OHD below 75 nmol/L at study entry, a rate comparable to what has been previously reported in adults with acute SCI living in northern USA [8] , but above that found in adults with SCI from southern US locations [9] . Since circulating 25OHD has a half-life of 3 weeks, the measured levels may partly reflect the pre-SCI vitamin D status as time from injury ranged from 15 to 92 days. However, according to the most recent Canadian Health Measures Survey, the proportion of Canadians with serum 25OHD below 30 nmol/L is 10% [18] , which is lower than the rate found in our study (i.e., 35%), suggesting that SCIrelated factors, such as sunlight deprivation due to The combined intake of daily 1000 IU and weekly 10,000 IU of vitamin D 3 over an average of 37 days by vitamin D-deficient adults with SCI resulted in a mean serum 25OHD increase of 31.4 nmol/L whereas daily 1000 IU given alone raised 25OHD levels by 11.7 nmol/L. Although the HD regimen corrected vitamin D deficiency in all participants, most subjects remained vitamin D insufficient. The LD regimen was clearly insufficient to improve vitamin D status as only two individuals had their 25OHD levels increased from insufficient to optimal. Direct comparison to the current literature is difficult, as efficacy of vitamin D therapies have been solely reported in adults with a chronic SCI in the community. The only vitamin D study performed in the acute setting was done in adults with a traumatic SCI who received, within 8 h of injury, 5 μg/kg of oral vitamin D 3 for up to 5 days [19] . Since the main objective of this last study was to assess the effects of early administration of vitamin D 3 and progesterone on functional outcomes and recovery, the authors neither measured baseline 25OHD levels nor evaluated the impact of the supplementation on serum 25OHD. Studies done in Note: Skewed-distributed and normally-distributed data are expressed as medians [IQR] and means ± SD with ranges (min-max). Categorical variables are expressed as number of patients (%). Means were compared using Student's t or Mann-Whitney U test while frequencies were compared using χ 2 test. Totals may not add up to 100% due to rounding. Statistically significant differences are indicated in bold.
individuals with chronic SCI have tested various dosing regimens and durations. Bauman et al. first reported a mean serum 25OHD increase of 29.4 nmol/L following 800 IU of daily vitamin D 3 for 12 months and concluded that this replacement protocol was insufficient for clinical use [12] . A few years later, the same group assessed the efficacy and safety of a higher dose (i.e., 2000 IU) given over 3 months to vitamin D-deficient adults with SCI and reported a significant rise in serum 25OHD of 85 nmol/L and the correction of suboptimal vitamin D status in nearly all participants [13] . These observations are not consistent with our results whereby a HD regimen, corresponding to an equivalent daily dose of 2429 IU, induced a lesser increase in serum 25OHD and failed to normalize vitamin D status in the majority of vitamin D-deficient participants. Possible reasons explaining these discrepancies may relate to injury stage. Soon after injury, individuals are known to experience acute inflammation as evidenced by the C-reactive protein (CRP) levels above the reference range (i.e., > 10 mg/L) in 45% of the present sample (n = 13/29). It has been reported that serum 25OHD decreased acutely and markedly in adults who underwent primary knee arthroplasty and that this decline lasted for up to 3 months [20, 21] . Interestingly, at study entry, 60% of vitamin Ddeficient individuals (n = 6/10) had high CRP levels compared to 37% of non-deficient subjects (n = 7/19). Although it is impossible to ascertain the temporality of this relationship, the presence of inflammation in the acute phase potentially explains the low 25OHD levels observed in our participants and may thus represent a factor affecting responsiveness to supplementation. Nevertheless, in light of the potential decline of serum 25OHD during rehabilitation as a result of compromised sun exposure and reduced vitamin D intake, our study underscores that vitamin D repletion protocols prevent further deterioration of vitamin D status during the subacute phase. Consistent with other studies [6, 22, 23] , level of motor impairment did not affect serum 25OHD in our study. Baseline and post-intervention 25OHD levels did not differ between AIS A + B and C + D individuals. However, these findings should be interpreted cautiously given the small number of AIS A + B individuals in our sample (1: HD and 3: LD). Note: Data are expressed as means ± SD as all variables follow a normal distribution. Pre-and post-means for each regimen were compared using Student's t test
Prolonged immobilization occurring in the acute phase induces a marked elevation in bone resorption, which results in hypercalcemia and PTH suppression [24] . The fear of triggering or aggravating hypercalcemia and hypercalciuria may impede the widespread implementation of vitamin D supplementation during the acute phase. Our findings indicate that administration of either of the two regimens for at least 1 month did not cause any adverse effects. Although we cannot exclude that deleterious effects may occur over time, studies done in adults with chronic SCI failed to report any toxicity with larger doses and over longer periods than those tested in this study [13, 14] .
Adults with a new SCI may experience rapid bone loss shortly after injury that increases risk of osteoporosis and fractures [25, 26] . Intervening early in the course of the rehabilitation with appropriate vitamin D repletion protocols, alone or in combination with anti-osteoporosis agents and/or mechanical therapy, may have a positive effect on the rate of bone loss. In the only study that has looked at factors associated with the development of osteoporosis within 12 months of SCI, the authors failed to find an association between baseline 25OHD levels and the occurrence of osteoporosis [26] . They explained this finding by the fact that participants with low serum 25OHD received vitamin D supplements during the follow-up period, which may have obscured the association.
This study is the first to report the effectiveness of two vitamin D 3 replacement strategies during inpatient rehabilitation for SCI; however, limitations should be acknowledged. First, the sample size is small and is explained, in most part, by the comprehensive list of exclusion criteria developed to circumscribe the effects of the vitamin D supplementation. In fact, out of the 156 adults with SCI admitted to the rehabilitation center and screened for eligibility, 119 did not qualify based on the inclusion and exclusion criteria whereas only 7 refused to participate. In addition, two-thirds of our participants were AIS D, a situation reflecting the shift in the admission patterns towards more incomplete injuries. The reasons underlying such shift are unclear but certainly explain the limited inpatient rehabilitation length of stay of our participants. Such selection bias limits the applicability of the findings to the entire population of individuals with a recent SCI admitted to rehabilitation and may lead to an underestimation of the prevalence rates of vitamin D deficiency and insufficiency reported in this study. A pragmatic approach with the inclusion of all adults with a SCI admitted to rehabilitation, regardless of their comorbidities, would have portrayed more accurately the vitamin D status of individuals with a recent SCI. Second, the main objective of this study was to assess the effect of vitamin D 3 repletion protocols in the acute phase of SCI; therefore, no attempt was made to correlate these changes to clinical or functional outcomes. Indeed, durations of supplementation were too short to capture any association with clinical improvements. Third, although our participants did not experience any clinical and laboratory adverse effects, we did not have data on urinary calcium excretion-a recognized marker of vitamin D intoxication. Finally, there was no control group made of non-supplemented individuals in the present study. Given the high rate of vitamin D insufficiency in this population, it was deemed unethical to not provide supplements to these individuals.
In conclusion, administration of 1000 IU daily vitamin D 3 alone or in combination with 10,000 IU weekly vitamin D 3 during intensive inpatient rehabilitation significantly increased serum 25OHD but was not successful in correcting the vitamin D deficiency and insufficiency found in individuals with a recent SCI admitted to rehabilitation. These findings will inform clinicians working in inpatient rehabilitation settings about the effectiveness of these two repletion protocols and provide a basis for the design of future studies aiming to test the efficacy and safety of higher-dose regimens in achieving vitamin D sufficiency at this particular stage post-injury.
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